Abstract: Polyamide-6(PA6)/CaCO 3 hollow fiber membranes were prepared by gel spinning from PA6/CaCO 3 /diluent system followed by cold-stretching. In virtue of the scanning electron microscopy (SEM), it is observed that the membrane present an asymmetric structure consisting of a dense skin, cellular cross-section and porous inner-surface. The porous structure was obtained by combining thermally induced phase separation (TIPS) process with interfacial micro-void mechanism, which has been seldom applied in membrane formation. Therefore, multi-porous structure derived from TIPS pores and interfacial micro-void. The Effects of CaCO 3 content, fixed-length heat-setting on properties of hollow fiber membranes such as water permeability, porosity, bubble point pore diameter were investigated. In three different CaCO 3 contents, the membrane with 30wt% CaCO 3 has the best comprehensive performance. In addition, fixed-length heat-setting was favorable to produce membrane with higher water permeability.
Introduction
Microporous membranes, especially microfiltration (MF) and ultrafiltration (UF) membranes, have been widely used in a wide range of fields such as separation, concentration and purification. These porous membranes are prepared from various kinds of polymers including polypropylene (PP), poly(vinylidenefluoride) (PVDF), poly(ethylene-co-vinyl alcohol) (EVOH), polyethylene(PE), poly(lactic acid) (PLA) and poly(vinyl butyral) (PVB). Polyamide (PA) is considered as a promising membrane material due to its low cost, excellent mechanical properties, good biocompatibility and tenacious resistance to alkalis and organic solvents. A few research groups reported the porous PA flat membranes via a phase inversion method and studied its morphology. Mara Zeni [1] prepared PA6,6 flat membrane from ternary system (water/chloridric acid/polyamide 6,6) and investigated its morphologic structure. In the work by Yunli Ma, Tao Zhou and Changsheng Zhao et al. [2] , nylon-6/Chitosan blended membranes were prepared by combining solvent evaporation and a phase inversion technique, then used to chelate silver ions and finally the antibacterial property was studied. Owing to the existence of -NH-CO-, PA membrane become a good choice for affinity separation, which has been observed in many literatures [3] [4] [5] [6] [7] [8] [9] [10] [11] .However, the literatures described above are mostly related to flat membranes.
As we all know that formic acid is a good solvent for PA6, but it is not suitable for spinning due to the difficulties in fiber formation process and corrosion to equipment, so conventional immersion precipitation to prepare hollow fiber membranes cannot be used. Thermally induced phase separation (TIPS), in which PA6 is dissolved in diluents, and then the homogeneous solution undergoes phase separation (solid-liquid or liquid-liquid) during cooling process, offers an attractive way to prepare PA6 hollow fiber membranes. As for phase separation mechanism, it largely depends on the interaction parameter (χ) between polymer and diluents. Besides, nano-CaCO 3 was employed as additive. PA6/ CaCO 3 are incompatible and the interface between them must exist. Consequently, a large number of interfacial micro-voids are formed in final membranes after stretching. Using inorganic particles as additive in membrane formation system has been reported in many papers [12] [13] [14] [15] [16] . It is revealed that the addition of inorganic particles also affects thermodynamics and kinetic properties of casting solution. To our best knowledge, no study has been reported on PA6 hollow fiber membranes.
In this work, PA6 hollow fiber membranes were first prepared via thermally induced phase separation and subsequent cold-stretching. N-Ethyl-o/p-toluene sulfonamide (N-E-O/PTSA) was chosen as diluents and nano-CaCO 3 as additive. The effects of the preparation conditions such as CaCO 3 content, fixed-length heat-setting on the membrane performance were investigated in detail. The characteristic of hollow fiber membrane was studied by the investigation of SEM, water permeability, porosity and bubble point pore diameter.
Results and discussion

Effect of CaCO 3 content
Typical SEM images of cross section of PA6/CaCO 3 hollow fiber membrane are shown in Fig. 1 . These morphologies indicate that the membranes have cellular cross-sections [19] . As is known to us all, the membrane preparation by the TIPS process is from a biphasic polymer/diluents system, thus the final membrane consists of a polymeric matrix and pores filled with diluents. Therefore, pore growth rate and growth period are two crucial factors to final pore structure. The growth rate depends mainly on the viscosity of the dope, while the growth period depends on the cooling rate and the temperature difference between cloud point and crystallization. Because the range between spinning temperature (483K) and crystallization temperature of PA6 (463K) is narrow, the growth period was short and the cellular structure grew incompletely before the system was fully solidified. Using CaCO 3 as an additive at varied contents, PA6 hollow fiber membranes were successfully prepared from 35wt% PA6 solutions. Fig. 2 . shows SEM images of PA6 hollow fiber membranes. In all cases, the membranes present an asymmetric structure consisting of a dense skin, cellular cross-section and porous inner surface.
The comparison between Fig. 2 (A) and (B) indicates that a large number of pores exist in the inner surface, while the pore size is very small and even hardly any pore could be detected in the outer surface. Thus the membrane structure is asymmetric. In TIPS process, the smaller pores attribute to the faster cooling rate and the higher polymer concentration [20] . Because the bore fluid heated by spinneret was introduced into the inner surface, while the outer surface directly contacted with coagulation bath. The cooling rate of inner surface is much smaller than that of outer surface. Besides, the polymer concentration near the outer surface is higher than that near the inner surface due to the evaporation of diluents during the passage in air-gap. Accordingly, the porosity and pore size of inner surface are both larger than that of outer surface.
When 20wt% CaCO 3 was added, the hollow fiber membranes had cellular pores from TIPS process and interfacial micro-voids both in inner surface and cross-section. However, the outer surface grew up a complete integrity with some trenches due to stretching, where hardly any pores could be observed. As shown in Fig.3.(b) , when 30% of CaCO 3 was added into PA6/diluents solution, large cluster-like aggregates appeared in inner surface and between these aggregates there existed many pores. In addition, the pores in cross-section became irregular and the outer surface had no significant change. Though the membrane prepared with the addition of 40 wt% CaCO 3 still had a porous structure both in the inner surface and cross-section, the reunion of inorganic particles occurred, which could be clearly seen both in the inner and outer surface(see Fig. 2 (Ac) and Fig. 3(Bc) ), so porosity and pore size are both smaller than that of the former. The membrane properties are summarized in Tab. 1. Based on considerations of morphology and performance of the membranes, fiber II was considered the best one with higher permeability, higher porosity and smaller bubble point pore diameter. Although there has been no report on PA6 hollow fiber membrane, the pure water flux of the membranes in our research is considerable with UHMWPE/SiO 2 membranes [12] . However, compared with PVDF membranes having water flux more than 1000 L·m , the discrepancy is rather obvious. In the later experiments, it is considered as a long-term research objective.
Effect of fixed-length heat-setting
The membrane bundles were kept on a steel plate put in hot water at 333k for two hours and in fixed length conditions. To investigate the effect of heat treatment on morphologies and properties of the membrane, the above-mentioned fiber II membrane was studied. The effects of fixed-length heat-setting on inner and outer surfaces of the membrane are depicted in Fig.4 and Fig.5 , respectively. As shown in SEM results, the morphologies of the membrane were changed significantly by hot water treatment. The SEM results from inner surfaces indicate that the pore size and porosity of membranes increase after heat treatment. It is because that the polymer matrix became shrinkable in case of heat treatment, while the operation was conducted under fixed-length condition, so the gaps between polymer matrix increased. Fig.4 shows the SEM results from outer surfaces. Before treatment, the outer surface had an integrity and compact structure, whereas it was destroyed with signs of water erosion after heat treatment. This may be due to the reunion of excessive CaCO 3 particles which were eroded away by hot water during the treatment. Comparing the inner and outer surfaces of treated membrane, it is not difficult to predict that CaCO 3 particles are prone to aggregate on the outer surfaces. This may be attributed to different melt flow rates between center and inner wall of the pipeline. As is known to us all, melt flow rate in the pipeline follows parabolic distribution. In other words, the melt has the maximum flow rate in center and the minimum near inner wall of the pipelines. Therefore, CaCO 3 particles tend to aggregate near outer surfaces of hollow fiber membranes. The effects of fixed-length heat-setting on pure water flux and water flux attenuation are presented in Fig. 5 and Fig. 6 , respectively. As depicted in Fig. 5 , the water flux of samples was improved after treatment. Similar to the SEM results, the result can be explained by the increment of porosity and pore size. The water flux attenuation test was conducted for 5-6 hours. The pure water flux of untreated membrane slightly declined and reached a balance point quickly while that of treated membrane rapidly declined and stabled at a lower point. The obtained results indicate that fixed-length heat setting accomplished the aim to optimize membrane structure. 
Conclusions
PA6/CaCO 3 hollow fiber membranes were prepared via a TIPS method, using N-E-O/PTSA and nano-CaCO 3 as diluents and additive, respectively. The obtained membranes possess an asymmetric structure consisting of a dense skin, cellular cross-section and porous inner-surface. For excellent permeable property, CaCO 3 content has an optimal value in the investigated three membranes. When it is more than 30%, CaCO 3 particles aggregates obviously. Thus, with the increment of CaCO 3 content, the porosity, bubble point pore diameter and pure water flux initially increased and then decreased. The fixed-length heat-setting has a severe impact on morphologies and performance of the membrane. After treatment, the porosity and pore size of the membrane significantly increased. Besides, the pure water flux has the ascendant tendency and water flux attenuation become gentle. Therefore, nano-CaCO 3 content and fixed-length heat-setting could be considered as key factors to optimize structures and properties of PA6/CaCO 3 hollow fiber membranes.
Experimental part
Materials
Commercial PA6 from Tian He Chemical Fiber Co., Ltd., Tianjin, China, spinning-grade, was received in pellet form. N-E-O/PTSA used as diluent was purchased from Jin Li Chem. Co., Ltd. Jiaxing, China. Nano-CaCO 3 was obtained from Yaohua Nano-Technology Co., Ltd., Shanghai, China. Antioxidant 1076 was supplied by Li Sheng Chemical Plant, Tianjin, China. White oil was commercial product of Zhenda Chemical Co., Ltd., Tianjin, China. All the other reagents were obtained from Keruisi Fine Chemical Co., Ltd., Tianjin, China, which were of analytical grade, and used without further purification.
Membrane preparation PA6 hollow fiber membranes were prepared by TIPS apparatus as shown in Fig.7 . The equipment applied in preparation of hollow fiber membranes were also used in gel-spinning (air-gap=7cm) and could be found in the literature [12] . 
Cool water Winder
Prior to using, both PA6 and nano-CaCO 3 were dried in vacuum drying oven at 373K for about 6 hours. Measured amounts of PA6, diluents, nano-CaCO 3 and antioxidant were fed to the vessel, heated to 483K, and then mixed for half an hour. The PA6 concentration was fixed at 35wt%. After releasing air bubbles, the homogeneous polymer solution was fed to a gear pump under the air pressure of 0.15MPa, and then a spinneret which consists of outer and inner tubes. The bore liquid (mineral oil) used for preparation of the hollow fiber membranes was introduced into the inner orifice at room temperature to make a lumen of the hollow fiber. The bore liquid was heated to higher temperature when it flew out from the inner orifice, due to high temperature of the spinneret. The hollow fiber was extruded from the spinneret and wound on a take-up winder after entering into a water bath kept at various temperatures to solidify the polymer solution and induce the phase separation. The extrusion rate of the polymer solution and the flow rate of the bore liquid in inner tube of the spinneret were about 30mL/min and 3mL/min, respectively. The take-up speed of a winder was 0.2m/s. The gel membranes were immersed in plenty of ethanol for 18 hours to remove the diluents and bore fluid. Without special instructions, the draw ratio of the membranes was all 1.5 times. Characterization of the hollow fiber membranes
The samples were fractured in liquid nitrogen and coated with gold-palladium. And then, the cross section, inner layer and outer layer of the hollow fiber membranes were observed by a Netherlands FEI Quanta200 scanning electron microscope (SEM) under an accelerating voltage of 15 KV.
-Water permeability
The pure water flux of a single fiber was measured at the transmembrane pressure drop of 0.1MPa, similar to that described by Matsuyama et al. [17] . Pure water was forced to permeate from the inside to the outside of the hollow fiber membrane. The membrane had been kept permeating at 0.15MPa for 15min before the test was carried out. The water permeability was calculated on the basis of the inner surface area of the hollow fiber membrane. Measurements of water permeability of the membrane were performed for five samples and only average values were reported. The pure water flux (J) of membranes can be calculated by:
where V, A, t denote the total permeation, the effective area and the permeation time, respectively.
-Porosity
The membrane porosity (ε) was defined as the pores volume divided by the total volume of the porous membrane. It can be determined by gravimetric method: m is the weight of density bottle full of water in which wet membrane was thrown.
-Bubble point pore diameter
The pore size of the hollow fiber was investigated by the bubble-point with gas permeation method. Nitrogen gas was forced to permeate from the inside to the outside of the hollow fibers, similar to that described by Piatkiewicz et al. [18] . The transmembrane pressure drop was restricted within 0.6 MPa in the test. At first, the membranes were immersed in ethanol for 4 h to ensure that all pores of the hollow fiber were filled with ethanol, and the relationship between the nitrogen flux through the wet hollow fiber and transmembrane pressure drop was measured by US Laurel, CFP-1100-A* capillary flow porosimetry. During the variation of transmembrane pressure drop from 0 to 0.6MPa, the pressure at which nitrogen flux began to increase was considered as bubble point pressure. The relationship between pore size and pressure drop is given by Laplace equation:
where σ, θ and p represent surface tension of ethanol, contact angle between ethanol and the membrane, and pressure drop respectively.
